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Introduction

Genomes of solid tumors are often highly rearranged. Genes altered by rearrangements are
known to mediate immortality, survival, metastasis, and resistance to therapy, and a growing
number are targets for anti-tumor therapeutics. Powerful techniques now exist to detect and map
changes in genome copy number, gene expression, and methylation pattern. However, these
techniques do not allow high-resolution analysis of structural changes and they do not provide
information at the DNA sequence level. Moreover, data from the many disparate techniques is
not easily integrated. ESP is a sequence-based approach capable of precisely identifying and
characterizing structural rearrangements and genome sequence variations in a tumor genome at
very high resolution for approximately 1% the cost of whole genome sequencing. Because itis a
sequence-based methodology, ESP is readily integrated with transcriptome and proteomic data.
ESP begins with construction of a BAC library for the tumor of interest. BAC end sequences are
then generated for individual BAC clones and mapped onto the normal “reference” genome
sequence. This process reveals all classes of structural aberrations including copy number
changes, translocations, and inversions, and identifies BAC clones carrying these structural
aberrations (Fig. 1a). We have demonstrated the power of ESP in an analysis of the breast
cancer cell line MCF7. Whole genome ESP confirmed most copy number changes revealed by
array CGH, mapping them at much higher resolution, and revealed several recurrent structural
rearrangements that are likely to have functional significance including translocations visible by
spectral karyotyping. Interestingly, ESP clearly demonstrated that the gene ZNF217 in a region
of amplification, at 20q13.2, is physically linked to DNA from 3p14 and 17¢23. Fluorescence in
situ hybridization (FISH), alignment to independent genome assemblies and shotgun sequencing
confirmed these structural linkages. Information about specific breakpoints derived by
sequencing BACs carrying these breakpoints will be presented as will an assessment of the
mutation frequency in MCF7 derived from the BAC end sequences. ESP appears to be a
powerful tool for precise identification and characterization of tumor genome structural and
sequence level abnormalities, and because it is inherently integrative, it brings the power of
genetic analysis to interpretation of transcriptome and proteomic data.

Body

Aim 1 was as follows: Construct and array a 30-fold redundant BAC library from the breast
cancer cell line MCF7 and select cloned carrying genes known to be amplified in this cell line
such as AIB1, ERBB2, and ZNF217. Computer modeling suggested that a 3-fold redundant
BAC library would function equally well as a 30-fold library for analysis of amplicon structures
and for validation of ESP. Thus, a 3-fold redundant BAC library was constructed. This library is
comprised of 68,000 clones and is arrayed in microtiter plates and on nylon filters for screening
by hybridization. The average insert size of the library is 130 kb as determined by pulsed field
gel electrophoresis. This was determined by pulsed field gel electrophoresis. Eleven
hybridization probes were designed spanning the ZNF217 breast cancer amplicon at 20q13.2 and
used to screen the MCF7 library. This process yielded ~ 150 BAC clones. This is significant
because it confirmed our computer modeling suggesting a smaller library would function for
validation of ESP.

Aim 2 was as follows: End sequence several hundred BAC clones carrying these genes in
collaboration with the Department of Energy’s Joint Genome Institute (JGI). To facilitate and
significantly expand this aim we initiated a collaboration with The Institute for Genome
Research (TIGR) rather than the JGI. All 150 BAC clones from the 20q13.2 amplicon were
sequenced and ~8000 random BAC clones from the MCF?7 library were also end sequenced. This
process enabled us to determine the structure of the ZNF217 amplicon at molecular resolution
and to establish that ESP works as modeled.

Aim 3 was as follows: Apply custom genome analysis software to identify: (a) structural
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rearrangements in the MCF7 genome within BAC carrying oncogenes such as AIB1, ERRB2,
and ZNF217; (b) mutations in the BAC end sequences; (c) genes that are brought into close
proximity to ERRB2, MYC, and ZNF217 as a result of structural rearrangement. Figure 1b
illustrates the result of running our software on the BAC end sequence data. This software maps
BAC end sequence onto the normal reference genome and then generates a graphical display of
the data making amplifications, deletions, inversions, complex rearrangements, and
translocations immediately apparent. Figure I represents the first structural genomics map of
any tumor genome. Analysis of BAC end sequences for mutations was not performed. Detailed
analysis of the genome wide and targeted 20q13.2 ESP data revealed a number of genes being
brought together as a result of complex rearrangements. For example the ZNF217 locus at
20q13.2 becomes fused to DNA from chromosomes 1p21, 3p14, and 17q23 (fig.1a, ¢). In
addition, within 20q, DNA from the AIB1 locus at 20q12 is contained on the same BAC clones
as ZNF217 and bone morphogenic factor seven (BMP7). This is remarkable given the fact that
ZNF217 and AIB1 are separated by ~ 15 Mb and ZNF217 and BMP7 by ~ 5 Mb. These
structural rearrangements were confirmed using fluorescent in situ hybridization (FISH) and
sequencing (figs. 2a,b, and 3). Evidence has been obtained that high level amplicons at 1p21,
3pl4, 1723, and 20q13 are packaged together in the MCF7 genome (fig.1b). Significantly we
also identified, cloned en masse, and confirmed both inversions and translocations from the
MCF7 genome (figure 2c.d,e, and f)).

Aim 4 was as follows: Completely sequence BAC clones spanning structural rearrangements to
identify the sequences involved in the rearrangement. One BAC clone from the ZNF217
amplicon at 20q13.2 was sequenced to completion (fig. 3). This clone contains the ZNF217 gene,
BMP7 gene and other 20q DNA fused to sequence from chromosome 3p14. In this 109 kb BAC
clone ZNF217 is the only intact gene, and all rearrangement breakpoints were identified. Three
of the four breakpoint are associated with a high density of repetitive elements and one occurs in
single copy DNA.

In conclusion the aims of this grant were met and greatly exceeded.

Key Research Accomplishments:
e Constructed a BAC library from MCF7 breast cancer cell line.
End sequenced ~ 8000 of the BAC clones.
e Developed software for graphical representation of ESP data.

e Established ESP as a rational approach to determining the structural organization of
tumor genomes.

e Determined the molecular structure of the ZNF217 amplicon.

e Determined the first structural genomic organization of any tumor genome and did so ~
370 kb resolution.

e Determined the sequence and fine structure organization of 1 BAC clone from within the
ZNF217 amplicon.

Reportable Outcomes
Established and archived a BAC library of MCF7

Obtained funding to continue the work from the California Breast Cancer Research
Program (BCRPO

A manuscript is in preparations.

The data was presented at the 2002 Oncogenomics Meeting in Dublin Ireland as an oral
presentation. “End sequence profiling (ESP): a sequence-based approach to structural
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analysis of tumor genomes”

Conclusions.

ESP is an important genomics tool for determining the structural organization of tumors. Its
power is derived from the fact that it is a sequenced based method and can thus be integrated
with expression microarray and proteomic data. Further, because it uses BAC libraries of the
tumors to be analyzed, aberrations such as translocations, complex rearrangements, and
inversions are not only detected but also cloned, making their validation and sequence level
analysis of breakpoints and involved genes straightforward. Because ESP provides a rational
framework for sequencing tumor genomes it may revolutionize cancer genomics.
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Figure Legends:

Fig 1. Depiction of ESP. (A) An end-sequenced tumor BAC library is mapped onto normal
human sequence. Amplified loci will be over-represented in the library resulting in BES stacking
(1) above the expected average. BACs spanning translocations, inversions and other structural
rearrangements connect non-adjacent loci (2,4). Deletions are detected by a deficit of BES (3).
(B) Structural view of MCF7 genome. 8320 MCF7 BES were mapped onto the normal reference
sequence. Reference sequence is represented as a horizontal line across the top of the figure (see
panel D for enlargement). Dark green plot represents number of BES mapped per analysis
interval (1 MB as shown). Red dotted line across the BAC number plot represents the average
number of BES mapped to an analysis interval. BAC ends with ends mapping to different
chromosomes (thus possibly harboring translocation breakpoints) are shown as red lines. BAC
clones with ends in the wrong orientation (with ends not pointing towards each other), possibly
harboring inversion breakpoints, are shown in blue. BAC clones with apparent insert size too
big or too small for expected library size distribution are shown as green lines (these BACs may
span deletions in the tumor genome). BES that were mapped ambiguously are shown in purple.
Mouse click on the chromosome name brings up a detailed representation of this chromosome
(C). Chromosome-specific view follows the same conventions as whole-genome view. Blue
arrows indicate BAC clones, detecting inversions and translocations validated by FISH, and red
arrows indicate BAC clones, detecting complex structural rearrangements, associated with gene
amplification, that were confirmed by FISH and sequencing (see fig. X & Y).

Fig 2. FISH-based validation of genome rearrangements identified by ESP. Complete metaphase
images can be viewed at http://shark.ucsf.edu/~stas/ESP_1.10.02/fish.html.

A. Multiple independent BAC clones have BES connecting amplicons on 20q13.2 and 17q23.
One such BAC 1A11 detects FISH signals on chromosomes 17q23 and 20q13.2 as predicted
using ESP. B. Hybridization of BAC 1A11 to MCF7 metaphase chromosomes reveals multiple
loci of amplification. C. Confirmation of translocations identified by ESP. ESP places BES of
5H15 on chromosomes 15q11.2 and 16q22.2. This putative translocation was confirmed using
FISH on normal metaphase chromosomes meaning the translocation breakpoint is within clone
5H15. Signal on chromosome 1 may suggest a more complex rearrangement (data not shown).
D. Detection of an inversion involving the ABL1 oncogene. FISH using BAC 5K16 to normal
metaphase chromosomes detects two hybridization domains at 9922.3 and 9q34.1. The distal
breakpoint is located within a first intron of the ABL1 oncogene. E. Detection of a pericentric
inversion on chromosome 11 using BAC 9110 as a FISH probe BAC 9110 detects hybridization
domains at 11p11.2 and 11q14.3 as predicted by ESP mapping. F. FISH using BAC 9F10 to
MCF7 metaphase chromosomes detects 5 chromosomes. The two on the left contain double
hybridization domains and the three on the right only one. These data are consistent with a
model whereby the inversion occurred on one of the two homologous chromosomes in a
hyperdiploid cell line. G. Detection of complex rearrangements associated with gene
amplification. ESP mapping predicts BAC clone 3F5 has one BES at the ZNF217 locus at
20q13.2 and another at 3p14. FISH with BAC 3F5 on normal metaphase chromosomes confirms
the ESP mapping. PCR-based mapping and sequencing located the BMP7 gene in this BAC as
well. H. Dual color FISH using normal BACs spanning the BMP7 locus (red) and the ZNF217
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locus (green) to MCF7 metaphase to metaphase chromosomes. Yellow FISH signals show co-
amplification and co-localization of these BACs in MCF7 genome.

Fig 3. (A) A graphical representation of the structural organization of BAC 3F5 from the
ZNF217 amplicon at 20q13.2. Red arrows demarcate BES. BAC 3F5 was determined to have
BES on chromosomes 3p14 and 20q13.2 at the ZNF217 locus. STS content mapping localized
the 5’ region of the BMP7 gene within the BAC. BAC 3F5 is one of 26 independent clones in the
library juxtaposing ZNF217 and BMP7, and one of four that also contain BES in the 3p14
amplicon. Sequencing BAC 3FS5 identified five widely separated chromosomal regions fused
together in the orientations shown. Only the ZNF217 locus is structurally intact. The PTPRT
gene, BMP7, and L39 genes are all truncated. The PTPRT intron 6 is fused to BMP7 intronl in
opposing polarity. L39 intron is fused to nontranscribed DNA 3’of ZNF217. A large CpG island
shared by BMP7 and L39 is structurally intact. GenScan and FGENES predict at least two novel
genes created by these genome rearrangements (blue arrows). (B) Sequences spanning each
genome breakpoint are presented with the fusion site in red. (C) Genome cryptographer plot of
the density an classification of repetitive elements (Alu elements red and L1 elements green) at
each breakpoint. Breakpoints 1, 2, and 4 occur in regions of very high repetitive element density
whereas breakpoint 3 occurs in single copy DNA.
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